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INTRODUCTION 

The Bureau of Mines has  made an ex tens ive  e f f o r t  t o  f ind  new techniques  t o  
inves t iga t e  t h e  s t r u c t u r a l  u n i t s  i n  coa l  f o r  bo th  t h e o r e t i c a l  and p r a c t i c a l  pur- 
poses. One of  t he  newer r e sea rch  t o o l s  is  the  l a s e r ,  which can produce h igh  
temperatures accompanied by r ap id  hea t ing  and cool ing .  Although many o f  t h e  
products  from l a s e r  i r r a d i a t i o n  have a l ready  been produced from c o a l  by o t h e r  
high-temperature devices=/ the laser exce l s  i n  the  production of  c e r t a i n  
py ro lys i s  products.  

EXPERIMENTAL 

Two lasers have been used i n  t h i s  study. A pulsed ruby l a s e r  w i t h  a 
focused b e v  gave an  energy concen t r a t ion  o f  55,000 w a t t s  cm-2 a t  a wavelength 
of  6943 A.- A continuous COP laser w i t h  a focused beam gave an  energy ou tpu t  
of 140 wa t t s  cm-2 a t  a wavelength of  106,000 A . 4 /  

The gene ra l  i r r a d i a t i o n  procedure was t o  seal the  coa l  sample i n  a g l a s s  
ves se l  i n t o  which t h e  laser beam can be f i r ed .  Coal samples, u s u a l l y  8-nan cubes, 
were heated under vacuum to  looo C f o r  2 0  hours  before  s e a l i n g .  Samples f o r  the  
ruby laser were sea l ed  i n  a pyrex tube  under vacuum or under a n  i n e r t  gas  a t  
p re s su res  up t o  1 atmosphere. P y r o l y s i s  occurred r ap id ly  and both  gaseous prod- 
u c t s  and e n t r a i n e  s o l i d s  escaped from the  ho t  su r f ace  a t  a rate es t imated  a t  
11,000 c m  sec- l .57  Samples pyrolyzed by the  CO2 l a s e r  w e r e  i r r a d i a t e d  i n  a tube 
wi th  a sodium ch lo r ide  window. P y r o l y s i s  of these samples w a s  a continuous pro- 
cess  which could be observed f o r  s e v e r a l  minutes,  a t  t he  end o f  which t h e  coa l  
sample was usua l ly  exhausted.  The escape of t h e  gaseous and s o l i d  products  from 
t h e  r eac t ion  zone of the  COq l a s e r  w a s  r e l a t i v e l y  slow, only  28  cm s e c - l .  Gases 
were c o l l e c t e d  i n  an evacuated bulb  f o r  a n a l y s i s  by mass spec t romet ry .  An e f f o r t  
w a s  made t o  a c c e l e r a t e  t h e  s o l i d  product ou t  o f  the  p y r o l y s i s  zone. Rapid remov- 
a l  of t h e  s o l i d  was attempted by inc reas ing  t h e  gas evacuat ion  r a t e ,  f l u sh ing  
wi th  i n e r t  gas ,  an e l e c t r i c  d i scha rge ,  and use  o f  a r e f r i g e r a t e d  c o l l e c t i o n  bulb.  

, 

RESULTS 

i' 
Ruby Laser  

Coal -pyro lys i s  products  u s ing  the  ruby laser were 53 percent  s o l i d  and 47 p e r -  
c e n t  gas.  
ious  high-energy inves t iga t . ions  .5/ Gas composition d a t a  are summarized i n  t a b l e  1, 
where ruby- laser  , d a t a  a r e  compared wi th  gases from high-temperature coa l  carboniza- 
t i o n ,  low-temperature ca rbon iza t ion ,  and py ro fys i s  w i th  the  C02 l a s e r .  

No s i g n i f i c a n t  amounts of  l i q u i d  were recovered, c o n s i s t e n t  w i t h  prev- 

The ruby l a s e r  produced a n  inc rease  i n  ace ty l ene  and a dec rease  i n  methane 
and o t h e r  hydrocarbons r e l a t i v e  t o  gases  from pyro lys i s  a t  lower tempera tures .  

D i rec t  observa t ion  of p y r o l y s i s  w i th  t h e  ruby laser was imposs ib le  due t o  
high l i g h t  i n t e n s i t y  and h igh  r a t e  of d i scharge .  
repor ted  previously;/  a t  26,000 frames per  second the  movement o f  products  ou t  

Photographic s t u d i e s  were 
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o f  t h e  r eac t ion  zone was observed. 
s t a b l e  du r ing  t h e i r  i n t r o d u c t i o n  i n t o  the  ion iz ing  chamber of t h e  mass spectrom- 
e t e r .  
p o r t i o n  of  t h e  sample w a s  weighed f o r  m a t e r i a l  ba lance  ca l cu la t ions .  
p roduct  was analyzed by i n f r a r e d .  An u l t ima te  a n a l y s i s  of  t h i s  s o l i d  was 
s i m i l a r  t o  t h e  o r i g i n a l  c o a l  ( t a b l e  2 ) .  

Gaseous products  cooled quick ly  and were 

S o l i d s ,  depos i t ed  o n  t h e  tube  w a l l s ,  were e a s i l y  removed. The unreac ted  
The s o l i d  

The i n f r a r e d  spectrum i n d i c a t e d  t h a t  most o f  the  bands c h a r a c t e r i s t i c  of 
t he  pa ren t  coa l  a r e  missing.&/ The h igh - re so lu t ipn  mass spectrum o f  the  s o l i d  
i s  s i m i l a r  t o  t h a t  o f  c o a l .  It i s  probably n o t  s i g n i f i c a n t  because some of the  
o r i g i n a l  c o a l  was e n t r a i n e d  i n  t h e  r a p i d l y  expanding gas  stream and mixed wi th  
the  s o l i d  product.  This is ind ica t ed  by h igh  a sh  i n  t a b l e  2. 

I 

Carbon Dioxide Laser 

Coal-pyrolysis p roduc t s  u s ing  the  COP laser were 29 percent  gas and 71 p e r -  
cen t  s o l i d .  The only  l i q u i d s  observed were traces of pentane and hexane i n  the  
vapor phase. Typical gaseous products  a r e  summarized i n  column 3 of  t a b l e  1. 
These gases  seem t o  r e p r e s e n t  a t r a n s i t i o n  between i n d u s t r i a l  coal ca rbon iza t ion  
and t h e  r ap id  py ro lys i s  a v a i l a b l e  wi th  t h e  ruby l a s e r .  The C02. l a s e r  produces a 

temperatures than a v a i l a b l e .  
series of hydrocarbons, b u t  no t  ace ty l ene ,  which apparent ly  r e q u i r e s  h ighe r  ir 

Hot gases  from the  m 2 - l a s e  i r r a d i a t i o n  were passed through a bed of 
powdered Raney n i c k e l  c a t a 1 y s t . j  The c a t a l y s t  was n o t  hea ted  d i r e c t l y  b u t  
on ly  i n d i r e c t l y ,  by incoming gases  and by hea t s  of r e a c t i o n  of  t h e  gases .  
usua l  complex mixture o f  gases  w a s  converted i n t o  a simple mixture c o n s i s t i n g  
o f  9 1  pe rcen t  methane, e thane ,  and propane ( t a b l e  3 ) .  The low y i e l d s  o f  hydro- 
gen and carbon oxides  i n d i c a t e  a g a s  syn thes i s  r e a c t i o n  a s  we l l  as hydrogenation 
occurred .  
B tu / f t3  by t h e  c a t a l y t i c  t r ea tmen t .  

S o l i d  Product f r o m  C02 L a s e r  

The 

The f u e l  va lue  o f  t h e  g a s  was increased  from 698 B tu / f t3  t o  1325 

The s o l i d  product  from the  C02-laser py ro lys i s  evolved a s  a f i n e  brown 
powder which was suspended i n  t h e  r e a c t i o n  tube and slowly depos i ted  on t h e  tube 
w a l l s .  Exposure t o  t h e  r e f l e c t e d  r a d i a t i o n  of  t h e  laser beam caused mel t ing  and 
condensation r eac t ions  which r e s u l t e d  i n  a t a r r y  mass. 
be  prevented by i n t e r m i t t e n t  l a s e r  opera t ion  o r  by removing t h e  powder i n  a 
stream of  inert gas. 

Secondary hea t ing  could 

The s o l i d  was removed from t h e  walls of t h e  c o l l e c t i o n  vesse l  i n  t h e  form 
o f  a powder which sof tened  between l08O and 112O C and v o l a t i l i z e d  a t  250" t o  
300° C. The apparent d e n s i t y  o f  t h e  f r e s h l y  prepared s o l i d  w a s  0.033 g ~ m - ~ ,  
on ly  2 pe rcen t  of t h e  d e n s i t y  o f  t h e  coa l  ( t a b l e  4 ) .  
material remained s t a b l e  f o r  several months. 

I n  a c losed  tube t h e  

I '  

This s o l i d  w a s  s epa ra t ed  i n t o  th ree  f r a c t i o n s  by e x t r a c t  ng w i t h  benzene a t  
80" C,  evaporating t h e  s o l v e n t ,  t hen  e x t r a c t i n g  wi th  hexane.)$ The d i s t r i b u t i o n  
w a s  benzene-insoluble (36 p e r c e n t ) ,  asphal tene  or benzene-soluble and hexane- 
in so lub le  (26.7 pe rcen t ) ,  and hexane-soluble (37.3 percen t ) .  The average molec- 
u l a r  weight o f  t h e  benzene-soluble m a t e r i a l  is  396 by the  osmotic mqthod. I n  
c o n t r a s t  wi th  the 64 p e r c e n t  s o l u b i l i t y  o f  t he  laser s o l i d s  P i t t sbu rgh  seam coa l  
is less than 1 percen t  s o l u b l e  i n  henzene a t  80" c. I 

Since t h e  s o l u b i l i t y  of coa l  i s  increased  by reduct ion , /  the laser s o l i d s  

I 
were dehydrogenated to determine  i f  t h e i r  s o l u b i l i t y  could be  a t t r i b u t e d  to  
hydroaromatics. The sample was prepared by r e f lux ing  the  l a s e r  s o l i d  i n  phen- 
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a n t h r i d i n e  wi th  a c a t a l y s t  o f  palladium on calcium c a r b 0 n a t e . g ’  
of  t he  t o t a l  hydrogen was removed, dec reas ing  t h e  hydrogen t o  carbon r a t i o  a s  
f 01 lows : 

T h i r t y  percent  

P i t t sbu rgh  seam cda l  
Laser, s o l i d s  
Dehydrogenated laser s o l i d s  1 

H:C, atomic r a t i o  

0.81 
0.90 
0.63 

H igh -Re so l u  t ion  Ma s s Spec t rome t r y  

The mass spectrum of the  l a s e r  s o l i d s  was obta ined  us ing  a Consolidated 
Electrodynamics Corp. model 21-llOB h igh- re so lu t ion  mass spec t rometer  a t  a 
source temperature of 300’ C.  The l a s e r  s o l i d s  a r e  i d e n t i f i e d  a s  sample 1 i n  
t a b l e  5.  This  spectrum was compared wi th  t h e  spectrum of sample 2 ,  which r ep re -  
s e n t s  a s i m i l a r  l a s e r  product separa ted  by g e l  permeation chromatography i n t o  
52 f r a c t i o n s . s /  The f r a c t i o n s  were analyzed by the  mass spec t rometer  and t h e i r  

, q u a l i t a t i v e  ana lyses  combined. Spec t ra  f o r  samples 3 and 4 r ep resen t  t he  s o l i d  
products ob ta ined  from P i t t s b u r g h  seam coa l  by o t h e r  processes .  Sample 
t h e  composite of d i s t i l l a t e s  from a high-temperature coa l  c a r b o n i z a t i o d /  i:nd 
sample 4 i s  a pyr id ine  e x t r  c t  of P i t t s b u r g h  coa l  ob ta ined  by mechanical a g i t a -  
t i o n  a t  room t e m p e r a t u r e . 2 7  

An inspec t ion  of t a b l e  5 shows t h a t  py ro lys i s  of coa l  u s ing  a C02 l a s e r  
produces a complex product which inc ludes  naphthalenes,  phenanthrenes,  and pyrenes.  
Many of t h e  methyl s u b s t i t u t e d  homologs a r e  p re sen t .  The maximum molecular 
weight of  sample 1 ( l a s e r  s o l i d s  v o l a t i l i z e d  i n t o  the  mass spec t rometer )  was 
440. Since t h i s  maximum molecular weight i s  only  s l i g h t l y  h ighe r  than the  
va lue  of 396 found f o r  t he  average molecular  weight by t h e  osmotic method, it 
i n d i c a t e s  t h a t  the  sample r e s idue  (20 pe rcen t  remained i n  the  sample holder )  
con ta ins  h igher  molecular weight compounds. 
molecular weights because only  t h e  to luene-so luble  po r t ion  o f  t h e  l a s e r  s a m p l e  
was introduced. 

Sample 2 has  a lower range of  

SUMMARY 

Products from the  l a s e r  p y r o l y s i s  o f  coa l  a r e  predominantly gases and s o l i d s .  
There i s  l i t t l e  evidence of t a r  and p i t c h  which a r e  c h a r a c t e r i s t i c  of coa l  c a r -  
boniza t ion .  
t rea tment .  So l id  products  a r e  a complex mixture having low-ash, low-density,  
and high-hydrogen content .  
va t ion ,  dehydrogenation, g e l  permeation chromatography, and mass spectrometry.  
Coal p y r o l y s i s  us ing  l a s e r  i r r a d i a t i o n  provides  a v a r i e t y  of  o rgan ic  compounds. 

Gases from the  GO2 l a s e r  have h igh  f u e l  va lue  fo l lowing  c a t a l y t i c  

E f f o r t s  were made t o  analyze these  s o l i d s  us ing  sol- 

1. High-energy l a s e r  i r r a d i a t i o n ,  a v a i l a b l e  from a pulsed ruby o r  o t h e r  
s o l i d  l a s e r ,  produces simple gas  mixtures  which a r e  h igh  i n  hydrogen, ace ty l ene ,  
and carbon monoxide. 

2 .  A moderate energy i r r a d i a t i o n  from a 10-watt C02 l a s e r  produces a more 
complex mixture of gases  wi th  l i t t l e  o r  no ace ty lene .  
d e n s i t y ,  i s  h igh ly  so lub le  i n  benzene, and has  an  u l t ima te  a n a l y s i s  s i m i l a r  t o  
t h a t  o f  an  a sh - f r ee  c o a l .  

The s o l i d  product has low 
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Table 1.- Gas composition o f  py ro lys i s  product$,  mole pe rcen t  

High- Lpw - 
Py r o  1 y s i s  temperature temperature 

Estimated 
method: Ruby laser C02 l a s e r  ca rbon iza t ion  ca rbon iza t ion  

temperature , o c d  1200 

H2 52 
co 22 
co2 9 
m 4  5 

C2H2 11 
Other HC 0 

- a/  Reference 4.  

1000 

47 
9 
2 

21 

0 
20  

900 

56  
7 
0 

31 
0 
5 

5 00 
1 7  

3 
5 
73 
0 
2 
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Table 2 . -  Elemental ana lyses  o f  P i t t s b u r g h  seam c o a l  and o f  
E y r o l y s i s  s o l i d s  

S o l i d  product  
Weight percent  P i t t s b u r g h  seam coal  Ruby laser CO7 l a s e r  

C 

H 

78.3 

5.3 

79.0 83.0 

4 . 6  6 . 2  

Ash 4 .8  7.7 0.9 
. .  

Atomic r a t i o ,  C/H 1.23 

c/o 12 - 3  

1.43 1.11 

1 2 . 2  1 6 . 2  

Table 3.- I r r a d i a t i o n  o f  P i t t s b u r g h  seam c o a l  wi th  CO7 laser. 
Gases exposed t o  Raney n i c k e l  

Direct p y r o l y s i s  Gases over  Raney n i c k e l  // y 

€I2, mole percent  51 3 

co 10 2 

m 4  

c2H6 

C3H8 

GO2 

Other hydrocarbons 

23 

3 

1 

2 

10 

6 0  

23 

8 

0 

4 

I 

I 

Table 4.- Data f o r  s o l i d  from CO7-laser i r r a d i a t i o n  of  c o a l  

Apparent d e n s i t y  0.033 g anq3  

Sof ten ing  poin t  108" - 112" C 

V o l a t i l i z a t i o n  temperature  250" - 300" C 

S o l u b i l i t y  i n  benzene 6 4  p e r c e n t  

Molecular weight ,  benzene-soluble f r a c t i o n  3 96 
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Table 5. -  Coal degradation products examined by mass spectrometry 

Sample: 

Example of possible 
compound 

Indene 116 

118 

116 

118 Indan 

C3 alkyl benzene 

C2 alkyl phenol 

Naphthalene ' . 

120 120 

122 122 122 

128 
130 

132 132 
134 134 
136 ' 136 

138 
140 

128 
13 0 
132 
134 
136 
138 

128 
13 0 
132 
134 
136 
138 

Methylnaphthalene 
144 
146 
148 

142 
144 
146 

142 
144 
146 

Acenaphthylene 

Acenaph thene 

152 152 

154 154 

15 6 
160 

C2 alkyl naphthalene 156 156 
1 6 0  160 

Fluorene 

Dibenzofuran 

166 

168 168 
170 

178 178 
180 
182 
184 

170 

Anthracene 178 
180 
182 
184 
186 

178 
180 

186 

192 Methylphenanthrene 

Phenanthrol 

.192 192 

194 
196 
198 

2 02 

194 
196 
198 '198 

Pyrene 2 02. 



Table 5.- Coal degradation products examined by mass spectrometry 
(cont 'd) 

Sample: l.! 

Example of possible 
compound 

Dimethylanthracene 2 06 
208 
210 
2 12 
216 
218 
220 
222 
224 

Benzo[ghi]fluoranthene 226 

Chrysene 228 J 230 
232 
234 
236 
23 8 

\ 244 
246 
248 
250 

Pe ry le ne 252 
\ 

* I 

2k1 

206 

210 
2 12 
216 
218 
220 

228 
230 

234 

244 

248 

* Sample has additional mass peaks up t o  440. 

3 d  

2 06 
2 08 
210 
2 12 
2 16 
218 
220 
222 
224 

226 

228 
230 
232 
234 
236 
238 
244 
246 
248 
25 0 

252 * 

226 

228 

~ ~ ~~ - a/ Solids from C02 laser. 
- b/ Solids from Cop laser, dissolved in toluene and separated by 

gel permeation chromatography. 
- c/ Composite data from high-temperature coal carbonization, reference 12. 
d/ Room-temperature pyridine extract, reference 13. 

h 
- 


